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Introduction
The demand for alternative energy resources has recently been on the rise due to the fast depletion of fossil fuel. Therefore, the utilisation of greenhouse gases, such as methane and carbon dioxide, as alternative energy has received much attention. It has been found that the reserves of methane are larger than crude oil reserves because methane can be produced from various sources, including shale gas, fermented wastes, and methane hydrates. 1 Methane can be transformed into synthesis gas (a mixture of H 2 and carbon CO, also known as syngas) through reforming reactions using steam, partial oxidation or carbon dioxide.
The synthesis gas is an important feedstock for fuels and/or production of chemicals in industries. Coal, petroleum, natural gas, and biomass can be converted into syngas. However, varying the H 2 /CO molar ratios is required in accordance with the industrial applications of syngas. For example, the H 2 /CO ratio of 2 is required for methanol synthesis 2 ; whilst the ratio is controlled at 1 for dimethyl ether (DME) synthesis under the single step process. 3 In the FisherTropsch process, the H 2 /CO ratio is usually in the range of 1 to 2, depending on the type of fuel synthesized. 4 Consequently, the H 2 /CO ratio in syngas plays an important role in fuel production. 4 The conversion of CH 4 to the synthesis gas, which constitutes the feed for the FischerTropsch syntheses, is very important from an industrial point of view. The dominant commercial method employed to produce synthesis gas is the steam reforming of methane (Eq. 1). 7 ‫ܪܥ‬ ସ + ‫ܪ‬ ଶ ܱ → ‫ܱܥ‬ + ‫ܪ3‬ ଶ ‫ܪ∆‬ ଶଽ଼°= 225.0 kJ/mol (1) However, there are several limitations to this reaction. First, the energy consumption for this reaction is higher. Next, the selectivity for CO for this reaction is poor. Finally, the reaction is unsuitable for Fischer-Tropsch syntheses because its H 2 /CO ratio is high. As a result, many researchers have attempted to convert methane to syngas through the catalytic partial oxidation of methane (Eq. 2).
8
‫ܪܥ‬ ସ + 1 2 ܱ ଶ → ‫ܱܥ‬ + ‫ܪ2‬ ଶ ‫ܪ∆‬ ଶଽ଼°= −22.6 kJ/mol (2) Although this conversion is only mildly exothermic, a small decrease in the selectivity of CO due to the total combustion of methane, which is a highly exothermic reaction, has resulted in a large increase in the reaction temperature. Furthermore, a high methane conversion together with a high space velocity can produce a large amount of heat in a small region of the catalyst.
As it is difficult to remove this heat from the reactor, especially in equipment for large-scale purposes, the process can become difficult to control. 9 Several researchers have proposed to reform methane catalytically with CO 2 instead of steam, to obtain high selectivity of CO and more appropriate H 2 /CO ratios. They conducted the dry reforming of methane (DRM) (Eq. 3).
10
‫ܪܥ‬ ସ + ‫ܱܥ‬ ଶ → 2 ‫ܱܥ‬ + ‫ܪ2‬ ଶ ‫ܪ∆‬ ଶଽ଼°= 247.0 kJ/mol (3) This reaction bears important environmental implications for both the greenhouse gases, methane and carbon dioxide, which can be converted into valuable feedstocks.
The main setback of the DRM reaction is coke formation, which is caused by methane decomposition (Eq. 4) and the Boudouard reaction (Eq. 5). However, it has been reported that nickel-based catalysts can be suppressed by adding promoters in the deactivation process. In fact, strong Lewis bases (e.g., MgO, CaO) that are enhanced with the chemisorb of CO 2 , have resulted in the reduction of coke deposition in the reaction with C to form CO. Similar effects have been reported for lanthanide elements, such as CeO 2 and La 2 O 3 , that can store and release oxygen, leading to the removal of carbon in the reaction between the deposited carbon and the lattice oxygen formed in these redox oxides. The metal, nickel, is more commonly used as the active metal in the reforming process as its relatively abundant and its cost is low. However, the only drawback is that nickel easily induces the formation of carbon leading to catalytic deactivation. 12 As a result, numerous research studies have been carried out to improve the catalytic activity and stability of nickelbased catalysts in the reforming process. 13 The deactivation of nickel-based catalysts can be suppressed by the addition of promoters, such as strong Lewis bases (e.g., MgO, CaO) enhanced with the chemisorb of CO 2 , in order to reduce coke deposition in the reaction with C to form CO. 14 It is noted that noble metals, such as Pt, Rh and Ru, are highly active towards DRM. Also, they are more resistant to the formation of carbon in comparison to other transition metals 15 , As such, the objective of this study has been to prepare a catalyst with high activity, selectivity, stability as well as the ability to prevent carbon deposition on the catalyst during the dry reforming of the methane reaction. The Pt,Pd,Ni/Mg 1-X Ce X O catalysts were prepared by using the co-precipitation method that uses K 2 CO 3 as a precipitant, followed by the impregnation of 1% Pt, 1% Pd, and 1% Ni using Pt(acac) 2 , Pd(acac) 2 , and Ni(acac) 2, respectively. This was followed by a study into the comparison between the catalytic stability and coke formation. In addition, the study was also investigated the effects of the concentrations of CO 2 and CH 4 , concentration of the catalysts, and the temperature of the conversion of the catalytic performance 
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of the prepared catalysts in the dry reforming process as well as the study evaluated the stability of the catalyst. Finally, the study was examined the enhancement of the methane conversion of a stream of 1.25% oxygen gas passing through the reaction.
Experimental

Support and catalyst preparations
The catalysts, Mg 1-x Ce x O (x = 0.00, 0.03, 0.07, 0.15), were prepared using the co-precipitation method as reported previously. 20 
Catalyst characterisation
The thermogravimetric analysis (TGA) was carried out on a Mettler Toledo TG-DTA Apparatus (Pt crucibles, Pt / Pt − Rh thermocouple) with the purge gas (nitrogen) flow rate of 30 ml min −1 and the heating rate of 10°C/min from 50 to 1000°C.
An X-ray diffraction analysis was performed using a Shimadzu diffractometer model XRD 6000. The diffractometer employed Cu-Kα radiation to generate diffraction patterns from powder crystalline samples at an ambient temperature. The Cu-Kα radiation was generated by
Philips glass diffraction X-ray tube broad focus 2.7KW type. The crystallite size D of the samples was calculated using the Debye-Scherrer's relationship. 21 Where D was the crystalline size, λ was the incident X-ray wavelength, β was the full width at half-maximum (FWHM), and θ was the diffraction angle.
The Fourier transform infrared (FT-IR) analysis was carried out with the PerkinElmer spectrometer model 100 series (sample preparation UATR).
The total catalyst surface area was obtained using the Brunauer-Emmett-Teller (BET) method with nitrogen adsorption at −196°C. The analysis was conducted using a Thermo Fisher Scientific S.P.A (model: Surfer Analyser) nitrogen adsorption-desorption analyser.
Transmission electron microscopy (TEM) (Hitachi H7100 TEM with accelerating voltage of 10 MV) was used to determine the crystal shape and the homogeneity of the catalysts.
Field Emission Scanning Electron Microscopy (FE-SEM) was used. The sample morphology was studied with the JEOL Field Emission scanning Electron Microscope (FE-SEM) model JSM 7600F at a very high magnification by using the field emission current. The particles of the samples were glued onto an aluminium stud by using double -sided tape. Then, it was coated with gold to make sure of the better visibility of the surface and to prevent electrical charging of the sample during analysis. production to induce photoelectron emission from the sample surface. Therefore, the equipment was able to provide information about the surface layers or thin film structures (about the top 10-100 Å of the sample).
Catalytic evaluations
The catalytic evaluation for dry reforming of methane with CO 2 (DRM) towards syngas (H 2 /CO) production as the model biogas reforming was carried out using a fixed bed stainless steel micro- platinum, palladium, and nickel in all the patterns. This was because the amount of these elements was very small. This observation agrees with the results reported by Grange. 22 The average crystalline size was identified through the diffraction of the highest peak in the XRD patterns that used the Debye-Scherrer equation (Table 2 ). The findings show that the size of the crystal was inversely proportional to the increasing amount of ceria in the catalysts. This phenomenon could be linked to the effects of platinum, palladium, and nickel that remained on For the elemental analysis of all the components in the catalyst, XRF has been used. Table   2 shows that the Ni, Pd, and Pt percentages were slightly more than 1, which was due to the incomplete precipitation of the magnesium and cerium metal precursors in the method of coprecipitation. This had a slight effect on the results. (Fig. 2d) . Pd 3d and Pt 4f give four peaks for each due to Pt4f 5/2 and Pt4f 7/2 appearring at around 75-65 eV in the catalyst (Fig. 2e-f ).
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The analysis of XPS indicates that the solid solution of Ce 2 O 3 -MgO shows a low and a high binding energy of 51 eV and 882.5 eV for Mg2p and Ce3d, respectively. As a result, it is imperative to transfer the electrons from Ce 2 O 3 to MgO. This is to slow down the reduction of Ce 2 O 3 during the preparation of the reduced catalyst. However, during the slowdown, there is an increase in the interaction between the two oxides. This leads to the segregation of Ce atoms as small particles on the surface of the catalyst, resulting in a high dispersion of Ce, which is responsible for the high level of activity of the catalyst. Furthermore, the segregated Ce particles, which have been extracted from the substrate, interact strongly with the Ce remaining on the substrate, resulting in the attenuation of their sintering. In this case, there is no formation of coke due to the high dispersion of Ce on the surface of the catalyst. Also, the Ce clusters are not big enough for the formation of coke. The TEM has indicated that a highly effective Ce 2 O 3 -MgO solid solution contains crystallite sizes of about 80 nm. Table 3 show the TPR profiles of these catalysts. Fig.   4a shows three well-defined reduction peaks in the TPR profile of Pt,Pd,Ni/MgO. The first reduction peak has been recorded at 130°C. This is attributed to the reduction of the PtO species in the production of Pt 0 , as compared to the previous study of Mahoney et al. 27 in which it was detected at 114°C. The second reduction peak is centered at 184 o C. This is due to the reduction of PdO to Pd 0 . Finally, the third peak was in the region of 511 o C. This is associated with a reduction in the NiO species that led to a strong interaction with the supporting material to produce Ni; whereas, Bao et al. 28 found the reduction temperature of NiO in the Ni/CeMgAl catalyst at 516°C. Table 4 shows the pore radius of the different catalysts. The pore size of the support MgO was recorded at 9.9 Å; whereas, the pore size of the catalyst Pt,Pd,Ni/MgO was recorded at 9.7
Å. The pore radius of the remaining catalysts was inversely proportionate to the increase in the support of the promoter, Ce 2 O 3 ; whereby, the pore radii of the catalysts: with a high surface area was able to perform better in the dry reforming of the methane reaction as compared to the other catalysts. Fig. 4(a-d) 36 Although the size distribution obtained from the images of TEM were more realistic and accurate. The TEM results (Fig. 4a-4e ) are well in relation with XRD data which showed that the complex Mg-Ce-O were also cubic in nature like MgO and Ce 2 O 3 .
TEM.
3.1.6. Thermal analysis study. (Fig. 5a-d) (Fig. 5c-d) , showed an additional second stage. Here, the weight loss was recorded at 2% and 3%, respectively, which may be attributed to the loss of oxygen atoms from the catalysts. The graph shows that initially, the entire weight of the compound increased slightly. This was due to the adsorbing of the compound to the N 2 gas in the 4 :CO 2 at the ratio of (1:1) was 84 %, 99 % and 1.2, respectively. This indicates that the ratio of 1:1 provides the best resistance to the deactivation of the catalyst. The reason for this is the carbon formation and high selectivity of H 2 and CO (Fig. 6) . The other catalysts have also been shown to be similar in this aspect. Fig. 7 and Table 5 show the effects of the concentration of the catalyst during the conversion process. The product ratio of H 2 /CO over all the tri-metallic magnesia-ceria catalysts (Fig. 7 & Table 5 ) was recorded at above 1. This indicated that the process of CO 2 conversion of the Ni metal was less favourable than that of the tri-metallic catalysts as compared to the other studies. 28 Also, the side reactions showed improvement. This is evident from the observed difference between the conversions and the product yields. Table 2 ). It is known that the size distribution obtained from TEM images tends to be more realistic and accurate. However, the images have presented some limitations. On the one hand, X-ray diffraction provided a very simple possible estimation of the crystal size from the broadening of the XRD reflections through the use of Scherrer's formula. On the other hand, nanoparticulation of the particles is a preferred choice. The use of the selected nanoparticles as catalysts for this research study not only maximised the surface area Page 20 of 47 RSC Advances but secured more reaction. Also, it ensured a good dispersion of the Pt, Pd, and Ni metals on the surface of the catalysts, as well as strong Lewis basicity with metal oxide support. The increase of the support in Lewis basicity enhanced the ability of the catalyst to chemisorb CO 2 in the dry reforming of methane. Also, the adsorbed CO 2 reacted with C to form CO (Eq. 12), resulting in the reduction in coke formation.
Effect of the catalyst concentration on conversion.
The Furthermore, the conversion of CH 4 and CO 2 was very high due to the particle size involved in the reactive activity. The doping metals, Pt, Pd, and Ni, were prepared based on the Debye Sherrer equation, and supported by the TEM analysis. The metal size had to be as minute as nanoparticles. Thus, it is evident that particle size plays a significant role in the activity of the reaction. An increase in the conversion of the reactants and selectivity (yield) was mainly due to the reduction of the particles in nano-ranged sizes leading to an increase in active sites which Tables 3 & 4) .
3.2.3.
Effect of temperature on conversion. Fig. 8 shows the result of the activity and selectivity of catalyst Pd,Pd,Ni/ Mg 0.93 Ce 3+ 0.07 O at temperatures ranging from 700°C to 900°C.
Generally, the conversion of CH 4 :CO 2 (1:1) increased as the temperature was raised from 700°C to 900°C. This was because the dry reforming of the methane reaction showed a strong endothermic reaction (Eq. 3) and a higher temperature increased the conversion rate. This has been observed in previous studies. 42 When the temperature was increased from 700°C to 900°C, the CH 4 conversion of Pd,Pd,Ni/ Mg 0.93 Ce 3+ 0.07 O showed an increase from 48% to 54%; whilst the CO 2 conversion showed an increase from 18% to 74%. At temperatures above 900°C, there was no significant increase in the conversions of CH 4 and CO 2 . Fig. 9 shows the H 2 /CO ratio of the catalyst at various temperatures; when the temperature was <900°C, the H 2 /CO ratio of the samples was recorded as <1. This was because the reverse water gas shift reaction (RWGS), (Eq. Fig. 9 shows the reading of the temperature tests. The findings revealed that when the temperature was at 900°C, the conversion for both CH 4 and CO 2 was high.
Stability tests.
Generally, in this mechanism, a molecule of methane reacts on the surface of Ni to produce desorbed hydrogen and hydrocarbon species CH x (x=0-4); If x=0, the carbon deposition on the Ni metal surface 43 is indicated, as in the mechanism shown below: Nakamura et al. 44 stated the effects of a promoter in the catalyst on the dry reforming of methane. One of them was by increasing the dispersion of Pt, Pt and Ni, carbon dioxide was activated on the support -promoter in proximity to the metal particle to form a carbonate species.
Following that, the CH x species reduced the carbonate to form carbon monoxide (CO). Similarly, the Ce 2 O 3 supported catalysts can facilitate the dissociation of adsorbed CO 2 . In addition to its promotional effect on CO 2 , the dissociative adsorption of ceria can also improve the dispersion and stabilisation of small metal particles. In fact, ceria is one of the oxides known to exert strong interactions on the supported metallic phase, resulting in significant alterations of the surface properties of both the oxide and metal. 47 The activity and stability of the tri-metallic catalyst Ni-Pd-Pt was much higher than that of the mono-metallic catalyst Ni, or bi-metallic catalysts Pd-Ni and Pt-Ni. This is consistent with the hypothesis that Pt and Pd help prevent oxidation of Ni due to an increase in its electron density. 48 The formation of a Pt-Ni or Pd-Ni bi-metallic cluster increases the reducibility of Ni, resulting in higher and more stable activity for experiments of over 200h. can be concluded that the coke deposition was negligible. 3.2.6. Improvement in the stability and selectivity of the catalyst. The dry reforming of the methane reaction can be enhanced by conducting experiments in concentrations of low oxygen flow (1.25%). Fig. 11 shows enhancement in the conversion of CH 4 , from 84% to 96%, due to the addition of an oxidant (O 2 ) to partially or completely 26ynthes the methane as well as the use of exothermicity of the reaction to supply the necessary heat directly to the DRM reactant mixture. 46 However, the CO 2 conversion and the H 2 /CO ratio are not affected. This may be due to the reaction of oxygen with CH 4 to produce CO and H 2 O (Eq. 13). Finally, the steam reacts with the deposited carbon to produce syngas (Eq. 14). Furthermore, O 2 can reduce coke deposition on the catalyst (Eq. 15). Therefore, this process has reduced the deposition of carbon;
consequently improving the life time of the catalyst.
C(s) + O 2 → CO 2 (15) 
Conclusions
It is inevitable that biogas is an attractive carbon source for the production of clean fuels and chemicals because it is renewable, easily available, and inexpensive. In addition, its processing, Meanwhilst, the dry reforming of biogas is a promising technology in the production of syngas.
In terms of 27ynthesized carbon, this approach is highly beneficial, as both major constituents of biogas (CH 4 and CO 2 ) are incorporated into the final hydrocarbon product. The main catalysts of Ni, Pd, Pt supported on MgO and MgO-Ce 2 O 3 with cubic structures that were 27ynthesized using the co-precipitation method with K 2 CO 3 as the precipitant has yielded good CO 2 and CH 4 conversion rates of 99% and 80%, respectively, for DRM at 900°C. They also showed good 
